Abstract: A flexible E-shaped patch antenna that is particularly easy to fabricate, is presented. E-shaped patch antennas traditionally acts as wideband microstrips. Here, first a novel folded L-shaped feed is used for improved wideband operation. Then, multiband operation is enabled through scaling and tight packing with low mutual coupling. The antenna equivalent circuit is presented, and the principles of operation at the two modes of the antenna are discussed. The traditional design undergoes a clever modification to allow it for particularly easy fabrication, which minimizes the need for complex tools and enables a low budget manufacturing, and the methodology for this modification is presented. The fabricated prototype exhibits fractional bandwidth larger than 20% with extremely small total antenna dimensions 18 mm × 19 mm (about λ 0 /4 × λ 0 /4 at the centre frequency). The proposed design can be particularly useful in multiband array configurations through the demonstrated scaling and tight packing, as well as for wearable applications.
Introduction and Overview
The increase in the bandwidth of the reliable and easily manufacturable microstrip antennas has been an important area of research during the past decade, and is also the main focus of this work. Various methods to increase the bandwidth have been proposed [1]- [4] , however these methods often increase the geometry complexity and the difficulty of fabrication.
In this paper, additional capabilities of the E-shaped patch antenna [5]- [9] are explored. An E-shaped patch antenna with centre frequency 5 GHz (for applications at the IEEE 802.11a/n/ac/ax standards) is proposed. The proposed antenna is fabricated on just one surface of a metal sheet via printing, etching or milling and folded appropriately afterwards. In this way the use of conductive glue for assembling the geometry is avoided and thus the parasitic phenomena due to the use of the glue are also avoided. The antenna is significantly smaller in length, width and height than others in present literature (e.g. [1, 3, 6, 8] ). The Eshaped patch antenna has adjacent resonances which result to wider bandwidth compared to the rectangular patch. By means of comparison, the simulated bandwidth is above 20% (versus 16.5 % in [5] , 9% in [7] , 9% in [8] ) while the efficiency is over 80%. Compared to [9] and [10] the shorting wall offers proper support which is necessary due to the use of the air dielectric substrate. The size of the ground plane is smaller as well, while it will be shown that by using the same area as [5] , dual band operation can be supported through geometry parameterization in conjunction with frequency scaling, which allows tighter packing. A slight increase in height ([11] , [12] ), to facilitate the placement of the L-shaped feeding probe, which acts as an equivalent resonant circuit between the patch and the feed and alters the quality factor of the structure, further enhances the bandwidth. This is because the structure has one resonance due to the patch (i.e., parallel RLC resonant circuit), and a second resonance due to the series combination of the inductance (L) and resistance (R) offered by L-shaped probe, along with the capacitance (C) which is due to the energy stored between the probe-ground and the probe-patch. The broadband operation of the antenna is also due to this double resonance [13] . Other methods can also be used to increase the fractional bandwidth (such as the use of slots [2]-[4], lower permittivity dielectric [8], or different feeding methods [12] , [15] - [17] ), however they also increase antenna complexity, which in this work is kept at minimum. More interesting and recent works have focused on wearable textile antennas [18] , circular polarization [19, 20] , its application for LTE communications [21] , the design using transmission line mode theory [9] , and an omnidirectional implementation on a cylinder [22] .
Preliminary Design and Simulated Results
The simulation of each antenna has been carried out with the Zeland IE3D™ simulator which utilizes the method of moments. All measurement were carried out with the Hewlett Packard 8510C vector network analyzer. The design of the E-shaped antenna (Fig. 1) requires several steps. First a rectangular patch is designed using the empirical microstrip antenna design equations and methodology [15] . Then, the patch width dimension W is divided in three equal strips. The middle strip is made slightly wider, which is important to ensure that in the far field the magnetic field will not vanish as the current distribution on the middle strip will be greater than the current distribution on the other strips.
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